We test Verlinde's Emergent Gravity (EG) theory using galaxy-galaxy lensing technique based on SDSS DR7 data. In the EG scenario, we do not expect color dependence of the galaxy sample in the 'apparent dark matter' predicted by EG, which is exerted only by the baryonic mass. If the baryonic mass is similar, then the predicted lensing profiles from the baryonic mass should be similar according to EG, regardless of the color of the galaxy sample. We use the stellar mass of the galaxy as a proxy of its baryonic mass. We divide our galaxy sample into 5 stellar mass bins, and further classify them as red and blue subsamples in each stellar mass bin. If we set halo mass and concentration as free parameters, ΛCDM is favored by our data in terms of the reduced χ 2 while EG fails to explain the color dependence of ESDs from galaxy-galaxy lensing measurement.
INTRODUCTION
Dark matter was first introduced by Zwicky (1937) based on the anomalous dynamics of galaxies in clusters, which required excess gravitational influence than that could be exerted by the baryonic component that could be seen at the time. Observations of galaxy rotation curves (Bosma 1981; Sofue & Rubin 2001) further confirm these anomalous behaviour. These observations when analysed in the context of general relativity, were critical to establish the presence of dark matter, a matter component which remains unseen, but dominated the matter sector of the Universe. Since then, the study of the properties of dark matter has become one of the frontier fields from astronomical observations (see e.g., Hikage et al. 2019) .
Today, the concordance cosmological model where dark matter and dark energy form about 95 percent of the energy density of the Universe is supported by a plethora of observations including those of the Cosmic Microwave Background (CMB) (see e.g., Planck Collaboration et al. 2016), Supernovae of Type Ia (see e.g., Perlmutter et al. 1999) , Baryon Acoustic Oscillations (BAO) (see e.g., Eisenstein et al. 2005) as well as weak lensing (see e.g., Heymans et al. 2012; Kuijken et al. 2015; Shi et al. 2017) . The observational data from the above probes can be described by merely half a dozen major parameters, a.k.a ΛCDM, despite a recent claim of 5.3σ tension in H 0 between CMB probe (Planck Collaboration et al. 2018 ) and strong lensing time delay project H0LiCOW (Wong et al. 2019 ). Regardless of this success, the observations pointing towards dark matter require a faith in the validity of general relativity on large scales. Unfortunately, efforts to detect dark matter in laboratory experiments have not succeeded so far (see e.g., Kang et al. 2010) .
Therefore, some efforts have also been devoted to modify the theory of gravitation instead of introducing dark matter to account for the anomalous dynamical behaviour. MOdified Newtonian Dynamics or MoND (Milgrom 1983) , for example, explains the high speed stars in galaxies by adding interpolation function to modify the acceleration of Newtonian theory.
Recently, Verlinde (2016) reconsider the gravity as the underlying microscopic description inspired by the laws of black hole thermodynamics (Bardeen et al. 1973) , i.e. Emergent Gravity(EG). Brouwer et al. (2017) firstly tests this assumption using galaxy-galaxy lensing technique based on the data from KiDs (de Jong et al. 2013) and GAMA (Driver et al. 2009 ), they claim that both dark matter scenario and EG can fit the galaxy-galaxy lensing signal equally well.
ZuHone & Sims (2019) tested Emergent Gravity using relaxed galaxy clusters and found that inclusion of the central galaxy improves agreement between observations in the inner regions (r ≤ 30) kpc. On larger scales, the predictions are discrepant with observations and ΛCDM models fit the observations better. However, Halenka & Miller (2018) find that there is enough freedom in the EG theory for it to agree with the data as well as ΛCDM, especially after accounting for possible observational systematics. Baryonic physics complicates the inference of the underlying gas density profile profile and weakens the constraining power of observations.
In this paper, we re-test this theory by using a much larger survey data from Sloan Digital Sky Survey(SDSS) DR7 (Abazajian et al. 2009 ) as well as two cosmology models in ΛCDM framework, i.e. WMAP5 (Komatsu et al. 2009 ) and PLANCK18 (Planck Collaboration et al. 2018) .
We minimize the complicated modeling of massive clusters by only selecting single galaxy systems from the Yang et al. (2007) catalog with mean halo mass log M ≤ 13.5h −1 M ⊙ . None of the systems have X ray detection, which further minimizes the hot baryonic contribution. With this data set, we are able to select isolated galaxies. Our sample is at least 5 times more than that used in (Brouwer et al. 2017) as we use the group catalog built by (Yang et al. 2007 ). The models of galaxy-galaxy lensing signals from both EG and ΛCDM are described in Sec. 2. We introduce the lensing data and methodology in Sec. 3. The results are given in Sec. 4. Finally, we summarize and discuss in Sec. 5.
THE GALAXY-GALAXY LENSING MODELS
2.1. Lensing model in Emergent Gravity The tangential distortions of background galaxy shapes caused by weak gravitational lensing are proportional to the excess surface density (ESD), ∆Σ, which is the difference in the average surface density within a projected radius R and the surface density at radius R. The ESD is related to the tangential shear γ t (R) by a factor Σ c
where Σ c is the critical density dependent upon the geometric distances between the observer, lens and the source galaxy. For the ΛCDM case, we refer to Yang et al. (2006) for detailed formulation, which is well established in galaxy-galaxy lensing studies. In Emergent Gravity (hereafter EG) scenario, a term additional to the normal baryonic mass arises and that can act as an apparent dark matter contribution. Based on Verlinde (2016) , the extra term of gravitational potential is exerted by the entropy displacement from total galaxy mass M g (r) 10 , which includes stellar mass and cold gas components. As a result, the apparent mass M a (r) is related to M g (r) via
As in Brouwer et al. (2017) , for a typical mass of M = 10 10 h −2 M ⊙ , EG becomes significant over scale larger than 2 h −1 kpc. We measure our galaxy-galaxy lensing signal from 0.01 h −1 Mpc all the way to 1 h −1 Mpc to empirically test the scale dependence of both theories. We follow Brouwer et al. (2017) that beyond 30kpc/h, the galaxy can be considered as a point mass. In Sec. 4, we calculate the χ 2 excluding the first data point of each measurements below this scale. From Eq. 2, we get the mass distribution M a (r) = cH 0 r 2 6G M g (r) + r ∂M g (r) ∂r 0.5 10 In this paper, we denote the mass enclosed within a radius r as M (r). and the second term on the right hand side is gone under the point mass assumption, i.e. M g (r) = M g and we can treat the factor cH0 6G as a combined constant C a also following Brouwer et al. (2017) . The density profile can be related to the derivative of the mass distribution
The 2D surface density at projected distance R is then bearing the form
where r 2 = R 2 + χ 2 with R as the projected distance and χ as the distance along the line of sight. Then the ESD of EG point mass can be calculated
which happens to be the same as Eq. 4. Together with the original baryonic mass contribution, the total ESD profile as predicted by EG is
In the ΛCDM scenario, the dark matter density profile can be accurately described by an NFW profile (Navarro et al. 1997) . When converting the 3D NFW profile to the 2D ESD, it differs from the EG profile. At smaller scales, the NFW ESD is larger than EG ESD while at larger scales this relation reverses.
Lensing model in ΛCDM
We model the the ESD based on the NFW density profile with two free parameters namely, halo mass and concentration parameters, and we label this model as 'NFW'. We use Yang et al. (2006) formulation to model the ESD given a halo mass based on an NFW dark matter halo profile Navarro et al. (1997) ,
with
Here c is the concentration parameter defined as the ratio between the virial radius of a halo and its characteristic scale radius r s .
Recently, the group catalog was also updated to include abundance matching based halo mass estimation in both the WMAP5 and PLANCK18 cosmology. We will therefore further examine the cosmology dependence.
In ΛCDM scenario, the ESD is composed of the following simple two components: host halo mass and the stellar mass,
We do not include two halo term, which is the signal caused by the large scale structure due to the fact that we select the isolated galaxies and we only measure our signal to 1 h −1 Mpc. The contribution of the stellar components from the lens galaxy can be modeled as a point -This is the 2D distribution contour plot between the color and stellar mass of lens galaxy sample. The dashed vertical lines divide the plot into 5 stellar mass regions, each region is further divided into red and blue sub samples. The overlap region between the blue and red are due to the fact that the threshold is calculated using color and r band magnitude rather than stellar mass.
mass
∆Σ host is the contribution of the halo given that the galaxy is perfectly located at the center.
3. THE GALAXY-GALAXY LENSING SIGNALS In this section, we describe the data we use to measure the galaxy-galaxy lensing signals.
Lenses
The lenses we use come from the galaxy group catalog constructed from the spectroscopic SDSS survey (DR7) (Yang et al. 2007 ). In total, there are 472419 groups in the sample. In order to minimize the effects of nearby structures, we only select single galaxy system which further reduce the number to 400608. The stellar mass of each galaxy is computed using stellar mass-to-light ratio and color from Bell et al. (2003) , but with a Kroupa IMF (Kroupa 2001) . This leads to a -0.1 correction to the stellar mass-to-light ratio relation.
The sample is sub-divided into different stellar mass bins following Brouwer et al. (2017) . We add one more stellar mass bin compared to their study, with log M st mass ≥ 11.0 due to the larger sample size. The mean redshift of our sample is lower than Brouwer et al. (2017) , so our work is complementary to theirs as low z test and it provides better agreement with a small redshift assumption of EG model. Moreover, our samples are at least five times larger to improve the measurement.
The vertical dashed lines in Fig. 1 divide our sample in 5 M * bins. We further sub-divide our sample of galaxies in to blue star forming galaxies and red passive galaxies based on a cut in the color magnitude plane from Yang et al. (2008) 
where x = 0.1 M r -5 log h + 23.0. The statistics of the our sub-samples is given in Table. 1 and illustrated in Fig.  1 . The overlap between the red and blue countours are due to the fact that threshold in Equation 10 is calculated based on color and magnitude, while Fig. 3.1 is the color and stellar mass 2D distribution. We treat the gas contribution following Brouwer et al. (2017) ; Boselli et al. (2014) for the blue galaxies, which applies a factor f cold so that the total galaxy mass M g can be written as
Boselli et al. (2014) gives an empirical form of f cold based on Herschel Reference Survey (Boselli et al. 2010 )
For the red galaxy, we apply a constant fraction of 1%, which is the upper limit from Boselli et al. (2014) for early-type galaxies.
We also add the fitted NFW halo mass for each sample with errors, we will not show any detailed modeling procedure and results here.
Sources and estimator
For the source catalog, we use the shape catalog created by Luo et al. (2017b) based on SDSS DR7 imaging data. The DR7 imaging data, with u, g, r, i and z band, covers about 8423 square degrees of the LEGACY sky (∼230 million distinct photometric objects). The total number of objects identified as galaxies is around 150 million. The final shape catalog for our study contains about 40 million galaxies with position, shape, shape error and photoZ information based on Csabai et al. (2007) , which fits a local color-color hyperplane with nearest 100 objects.
The shear signals ∆Σ(R) can be measured by the weighted mean of source galaxy shapes,
where w i is the weight for each source galaxy. Σ cls = c 2 4πG
Ds D ls D l (1+z l ) 2 is the critical density for each lenssource pair. We measure the signal in 6 equal logarithm bins in projected co-moving distance from 0.01Mpc/h to 1Mpc/h. The weighting term is composed by shape noise σ shape and that from sky σ sky w = 1 (σ 2 sky + σ 2 shape )Σ 2 cls .
We correct the dilution effect by calculating the boost factor, which is from the contamination of non-lensed galaxies due to inaccurate photometric redshift N lens and N rand are the number of lens galaxy of each sample and corresponding random sample. The weights w ls (w rs ) correspond to each lens (random position, N(zrand)=N(zlens)) as in EQ. 14.
The χ 2 can be calculated as (16) where C −1 is the inverse covariance matrix. We further add photometric redshift systematic from weak lensing measurement to the trace of covariance matrix when we calculate the χ 2 . We estimated the systematics caused by photometric redshift to be 2.7% (Luo et al. 2017b) for the most massive stellar mass bin.
4. RESULTS In this section, we describe the results from the comparison between the EG and ΛCDM model. Our use of a larger data set, allows us to obtain high SNR measurement of galaxy-galaxy lensing signals even after we split the sample into red and blue lens samples to study the color dependence. The SNR is ranging from 17.6 for blue galaxy sample to 28.1 for red galaxy sample based EQ.(5) in Leauthaud et al. (2017) . Fig. 2 is the comparison between the data and different models, i.e. NFW(Mh, c as free parameters) and Emergent Gravity(EG). It is well known that the lensing signal is dependent on several cosmological parameters, e.g. Ω m , σ 8 and Hubble parameter. Whereas EG depends only on Hubble parameter as shown in EQ. 2. That is why EG shows stronger cosmology variance than ΛCDM in terms of reduced χ 2 . Apparently, EG prefers PLANCK18 cosmology with reduced χ 2 = 1.907 to WMAP5(reduced χ 2 = 2.959) as in Table. 2. We exclude the first data points from all measurements because it is below 30kpc/h, but still show the χ 2 in table 2(inside the parenthesis) by including the first data points to see the difference.
Our measurement at small stellar mass bins have very high signal to noise ratio. And due to the selection of isolated systems, we have less contribution from adjacent structure. Therefore, the decreasing feature in the first two stellar mass bins play an important role to the whole χ 2 . We do not use the extended model as in Brouwer et al. (2017) , because the extended model only make the χ 2 larger.
We show the color dependence in PLANCK18 cosmolgy in Fig. 3 . The NFW model with free halo mass and concentration, apparently is favored by the data, especially the blue data. Fig. 3 shows the ESD profile from the first three stellar mass bins in PLANCK18 cosmolgoy. Due to larger signal to noise ratio, the rest of two ESD profiles from massive stellar mass bins do not carry so much information.
In the left panel of Fig. 3 , there is significant difference between the ESDs from red and blue lenses. The ESD from the red lens is larger than their blue counterpart with 0.164dex difference in stellar mass but 0.605dex difference in halo mass in PLANCK18 cosmology. The stellar mass difference shrinks to 0.014dex, but the halo mass difference is 0.526dex for the second stellar mass bin sample. The third stellar mass bin sample has almost identical stellar mass for blue and red galaxy, but the halo mass difference is still up to 0.498dex.
The first three stellar mass bins have consistent halo mass estimation for the whole sample after considering 0.07 Eddington bias estimated from Luo et al. (2017a) . The last two shows significant discrepancy with abundance matching halo mass, 0.5dex difference in the last stellar mass bin. We contribute this to the selection effect that we only select single galaxy system. The multi-galaxy systems in stellar mass bin 4 is about 20.3% and 33.4% for stellar mass bin 5. We re-calculate the multi-galaxy sample halo mass for those two bins in PLANCK18 cosmology and obtain higher halo mass than the single systems in the same stellar mass bin, which are 12.873 and 13.533 respectively. If we simply take the weighted average halo mass together with single systems, we get 12.654 ± 0.23dex and 13.178 ± 0.08dex, vs 12.985 and 13.299 from abundance matching. We also further test the possible contribution of faint satellites out of SDSS spectroscopic detection limit at r band model magnitude 17.77 around massive stellar mass bins, based on illustrisTNG300-3 (Nelson et al. 2018 ) low resolution hydro-simulation. IllustrisTNG-300-3 has 100 snapshots from z at 127, with 302.6 h −1 Mpc box size, dark matter particle mass 3.8 × 10 9 M ⊙ and gas, stellar cell mass 7.0 × 10 8 M ⊙ . We download group catalog from snapshot 91 at z=0.1 as well as processed offsets file to obtain the information of dark matter and gas, stellar particles for each halo and its subhalo. We select four samples based on halo mass(weak lensing mass±error) and stellar mass from Table 3 .1. The stellar particles inside 100kpc with respect to the centroids of the stacked dark matter particles, are considered to be from the central galaxies. This criteria is based on the 50kpc offcenter effect (Luo et al. 2017a ) and the galaxy size 50kpc cited from Chen et al. (2019) . The ratio between stellar particles outside this radius and the ones inside this radius is the rough estimation of the contribution of satellite galaxies in general. We find 10% for the most massive stellar mass bin, and this dramatically decreases to 1.0% for the second most massive stellar mass bin. In observational data, the secondary satellite is beyond 17.77 in r band, so in reality this is less than 10%. And the contribution for the rest can be neglected. So the "unobserved" faint galaxies do not contribute significantly to the EG in our analysis.
About 5.7% galaxies (36, 759) in the sample brighter than r band 17.77, but without spectroscopic redshift measurements due to fiber collision effect. According to Zehavi et al. (2002) , roughly 60% of the fiber-collision galaxies have a redshift within 500 km s −1 . In Yang et al. (2007) , they assign redshift of their nearest neighbours in the group finding procedure. As a result, the single system does not have close companion with fiber collision galaxies, therefore our results are not effected by fiber collision effect.
In a word, our results are robust against potential influence from either fiber collision galaxies and faint galaxies with r band magnitude fainter than 17.77.
SUMMARY AND DISCUSSION
We select isolated galaxy systems from SDSS DR7 group catalog Yang et al. (2007) , with recent updated halo mass estimation. This update doubles the number of lens galaxy at small stellar mass bins compared to the sample used in Chen et al. (2019) , which enables us to measure high SNR ESD for those samples(17.6 for blue galaxy sample to 28.1 for red galaxy sample). Further more, we split each stellar mass sample into blue and red to test the color dependence.
We model the ESD profile with NFW profiles, setting halo mass and concentration as free parameters based on two cosmologies, i.e. WMAP5 and PLANCK18. The most significant difference is from the ESD between red and blue lens samples. The ESDs from the blue samples in the same stellar mass bin have lower amplitude than their red counterparts, indicating smaller halo mass. Because "apparent dark matter" ESD in EG framework remains the same as long as the stellar mass is the same. This can be clearly seen in stellar mass bin 2 and 3 where the stellar mass has only 0.014dex to 0.002dex difference, while the halo mass have up to 5σ difference.
We also further test the validity of our selection of isolated systems using illustrisTNG300-3 (Nelson et al. 2018) , and we found that the contribution of possible satellite out of SDSS spectroscopic detection limit is 10% for the most massive stellar mass bin and 1% for the second most massive stellar mass bin. This effect can be neglected for the rest of the samples.
In general, EG scenario of gravity failed to explain the color dependence of the galaxy-galaxy lensing signal and we summarise as follows:
• The EG favors PLANCK18 cosmology with reduced χ 2 = 1.907 to WMAP5 χ 2 = 2.959. The NFW model shows significant lower χ 2 value than those from EG already without red and blue dichotomy, which are 0.868(0.996) for WMAP5 cosmology and 0.949(1.453).
• The most significant difference is from the first three stellar mass bins after the red and blue classification. For instance, in PLANCK18 cosmology the χ 2 is 0.718(0.885) for red lens sample and 0.659(0.626) for blue sample, and these values are increased to 1.792(1.762) and 2.730(2.931) respectively in EG model.
• The halo mass discrepancy between abundance matching and NFW model fitting is significant for the last two stellar mass bins, this is due to the combination of selection effect and abundance matching method.
